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Abstract

Two- and three~dimensional computer models of the dynamics of the
‘ masnetosphere and in particular the magnetotail have shown, that the basie
features of the idealized linear or steady state reconnection theorv are still
found in time dependent and spatially more complicated configurations such as
the magnetotail, which basically resehbles a plane sheet pinch but in addition
has small magnetic field  components perpendicular to the sheet, field line
flaring and varistions along both directions parallel to the current sheet .
These basic features are the formation of a magnetic neutral X-line or
separator, where two surfaces separating magnetic fluxes of different topology
intersect, wiih the generation of an electric field along the separator and the
production of strong plasma flows parallel to the current sheet away from the
separ;tor in oppocite directions.

In addition, the computer models of magnetotail dynamics have produced
many large scale features that are directly observed or deduced from
observation iIin relation with magnetospheric subatorms. Among those features
are: the Lhinntng of the plasma sheet, the formation of a plasmoid, a region of
closed magnetic loops detached from Earth, which moves tailward at a speed of

several hundreds of km/sec, and the generation of field-eligned currents,
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In view of-the recent discovery of plasmoid signétures in the distant
magnetotail at about 200 Rp from ISEE-3 satellite measurements, we discuss the
properties of the plasmoid in the computer simulations, in particular its
topology, spatial extent and speed, the current system associated with it and
its local appearance at a fixed location in space. Furthermore, we discuss the
conversion of the energy flux around the separator, current deviations and the

occurrence of field-aligned currents and their generation by shear flows.



1. Introduction .

MHD computer models have been used with great success to model
reconnection in the earth’s magnetosphere and magnetotail., They have been able
to show that indeed reconnection can be z very powerful converter of magnetic
energy into kinetic- energy by a ﬁopological change of the magnetic field
configuration cornected with the formation of magnetic neutral 1lines. The
typical flow pattern around the X-type neutral line or separator predicted by
steady state models (Sweet, 1958; Parker, 1963; Petschek, 1964) was found for a
variety »>f different initial and boundary conditions and resistivity models.

The major drawback of these large scale models so far is that the
diffusion process that . . necessary to enable reconnection was besed on sone
more or less ad hoc model of anomalous resistivity. Whereas this probably has
not much effect on the large scale spatial structures of the models, resistive
MHD theory has its limitations when finer scales in space and time are
considered. In particular, the time scale of the instabilities ,depeﬁds
basically on the more or less arbitrary resistivity and the registive MHD
podels cannot tell what actually happens within tke so-called diffusion region,
where deviations from the ideal Ohkm’s law E + v x B = 0 arc important.

There are, however, still many features and structural details, not
preseﬁt in the simplified reconnection theories, that can be ayplained bdv a
time-dependent MHD model wusing more realistic two- ani three-dimensional
geoﬁeLries. In this paper we will discuss those features on the basis of
three-dimensional MMD simulations of reconnection in the magnetotail. In view
of the di;covery of plasmoid signatures in the distant tail (Hones et al.,
1983) thé enphasis will be on the properties of the plasmoid found in the
computer esimulations, its topology, spatial extent and speed, the current

systen associated with {t and 1{ts local appearance at different fixed
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locations. Furthermore, we will discuss current deviations in the reconnection
region, the generation of field-aligned currents, and the energy flux in the
reconnection region.

2. The model, Iinitial and boundary conditions

The computer model us2s an eiplicit leapfrog scheme to solve the
non-linear time-dependent MMD equations including constant resistivity. (For
more detanils, see Birn and Hones, 1981; Birn, 1976).

The initial configurations are self-consistent  three~dimensional
equilibrium models of the magnetotail (Birn, 1979) as shown in Figure 1. The
figure shows a quarter cross—section of the tail with the earth somewhere to .
the left. Full lines with arrows indicate magnetic field lines and the hatched
region indicates the plasma sheet. The width of the plasma sheet is defined
here not by the transition from closed plasma sheet field lines to open lobe
field lines but by the s~aling distance on which, for instance, the plasma
ﬁressure drops by some fantor 2 or 3. The model still basically resembleé a
plane one-dimensional sheet pinch. There are, however, small, but possibly
important, deviations. The first one 1is the presence of a small normal
magnetic field component in the z direction, which is positive in the neutral
sheet and become negative in Lhe lobes. This is connected with a flaring of
the lobe field lines and a denrease of field strength with distance from the
earth. The second one is the presence of a y comﬁonent of the magnetic field
which leads to a flaring also in the y direction adding to the decrease in
field strength. The third one is a variation (here increasei of plasma sheet
thickness and correspondingly the normal field B, across the tail in the vy
direction toward dawn and dusk, This 13 optional and we will compare its
effect by qompariuon with simulations starting from a configuration wathout

such variation_(but. still presence of Bz and B)' and the corresponding flaring).
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The actual computation system was a rectangular box (indicated by dashed
lines). The size of the box was 10 units in the y and z directions and 64
units in the x direction, all expressed in terms of the typical scale length
(plasma sheet half width) in the z direction. Assuming a scale length of 2 to
-3 Rg the system is clase to the.actualvsize of the magnetotail with a length
~onparable to the distance recently explored by the ISEE 3 satellite, Syhmetry
was imposed at the boundary planes y=0 and z=0. At the other boundaries we
kept the normal magnetic field fixed'and set the velocity equal to 0. This is
of course not realistic, it corresponds, however, to the boundary condition
usuvally used for stability analysis and is probably the most stable one.

3. The time-dependent evolution

The time-dependent evolution of the system is initiated by the occurrence
of (anomalous) resistivity which causes the system tc Aiffuse slowly. Out of
the perturbations grows thebtearing-like instability on a faster time scale,

We will discuss the evolution and the influ:nce of several parmngters'in
te model on the basis of four different rune (see Table 1). These parameters
are:

1) The increase of the plasma sheet thickness and the magnitude of B, with

|y| expressed by the factor }.

2) The lcbe densgity » ; in ihe numerical code, a finite 1lobe density,
somewhat higher the~ real, has to be imposed in order to limit the wavae
nropagation speed which determinus the maximum possible time step; the
value of n; given in Table 1 is normalized by the difference between
t£e naximum plagma shect density and the lobe density. Since constant
témperature is assumed, n; also represents the lobe pressure normaljzed

in .he same vay as the densi.y.



-6~

3) The resistivity, which influences the time scale of the unstable growth
and possibly also the. wave length of the most unstable mode. The
parameter S in Table 1 is the magnetic Reynolds number or Lindquist

number which is equal to the inverse resistivity in normalized units.

As a reference case we use the evolution of the fields as publisted by Birn and
Hones (1981), case A of Table 1, shown in figure 2 and 3. Figure 2 shows
magnetic field lires in the midnight meridian plane (y=0) for different times
{(in units of a typical Alfven travel time of about 10-15 sec). We can see
plasna sheet thinning, and the formation of closed magnetic loops, the plasmoid .
that subsequently moves tallward. The structures within the plasmoid may or
may not be related to reflections at the far boundary which was assumed to be
closed in this run., We will see later that there are characteristic features
probably not caused by boundary effects.

| The evolution of the velocity field is shown in Figure 3 in the equatorial
plane z = 0 by arrows representing velocity vectors. The earth is again to the
left. The maximum length of the vectors corresponds roughly to the typical
Al fven speed of the order of 1000 km/scc. The dotted line indicates the
neutral line, which consists of X-points in its earthward part and O-points in
the tailward part of a closed line. We can see that reconnection and the
occurrence of fast flow are restricted ir the y'direction to about half the
width of the taillor less. To denonstrate the caus2 for this result we compare
this figure with the corresponding figure result'ng from fun B without the
plasna sheet thickening toward the flanks of the tail, shown in Figure 4 in the
sane kind of representation as in Figure 3, We see that now reconnection and
fast flow extends across the whole tail even though we wused the very

restrictive boundary conditicns v=0 at the boundary in y.
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The magnetic field evolution of this case is gshown in Figure 5 agaiﬁ in
the x,z plane. It looks very similar to the evolution of the reference case
(Figure 2). Remarkable, however, is the more pronounced dent at the near earth
end of the plasmoid. This is most likely not a result of reflections at the
tailward boundary. .A very similar result was obtained by Sato and Hayashi
(1979) in a simulation of driven reconnection with open boundary conditions.
The cause of this dent is a reversal of the current direction in this region
which will be discussed later. Notice that a satellite crossing tkis region
would see an apparent neutral cheet crossing.

Now let us study the effect of the enhanced lobe density. Figure 6 snows
the magnetic field evolution for case C with reduced lobe density. It is again
very similar to the previous figures. Figure 6, however, shows more clearly
the characteiistic wavelength in the x direction leading to a multiple island
structure, This waviness was also present in the first example but could not
be seen in the magnetic field figure. The wavelength is very close to the
wavelength of the mode that is expected to grow fastest in the linear tearing
theory of o one-dimensional current gheet for & magnetic Reynolds number S=200C
as used for the simulations discussed so far. This wavelength should increesse
wvith increasing mnagnetic Reynolds number proportional to 81/4. We have
therefore performed another run with S=1000, run D of Table 1, also to see the
effect on the temporal evolution. A part of the evolution is shown in Figure 7
in the same format as Figures 2, 5, and 6. The firrt thing <0 point out is the
time scale of the figures shown at the right eide. Becauce of the slower
diffusionl it takes much longer for the instability to grow from the "diffusion

noise".
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The next thing to look for is the wavelength of the structures in the x
directicn., It is similar to that in Figure 6, actually even a little bit
shorter. This indicates that the wavelength of this characteristic wave is
probably mnot the typical resistivity dependent wavelength of the f;stest
tearing mode as in usual linear tearing theory. It seems possible that these
waves actually represent ideal MHD modes which produce multiple neutral lines
only as a side effect when resistivity allows it. The fact that stable waves
of similar periods of 5-10 minutes are a comnon feature in nmagnetotail
observations support this view.

The third feature present in run D is the filanentation in the z direction
which starts as a dent <in the near earth end of the plasmoid and leads to the
formation of multiple islands also in the z direction. It is difficult fronm
single satellite observations in a configuration like this to identify "neutral
sheet'" crossings. It is very unlikely that these features are caused by
boundary reflections because the plasma does not hit the right boundary before
the time cf the last frame.

Now, let us see what the magnetic field evolution would look like at sone
fixed locations within the systemn. Figure B shows the evolution of the
magnetic field strength (bottom) and the inclinaticn of the field with time at
a location y=0 in the midnight meridian plane at z = !.,] Rg above the neutral
sheet (z = 0) for case C. We have assumed that the initial scalc length
(plasma sheet half width) is L, = 2 Rg which accounts for sone gradual thinning
before onset of the unstable evolution. This location is thus well within the
original plasna sheet. The nagnetic field has been scaled by some unit, vhich
can be chosen grbitrarily, to resemble the actually observed values, The
different curves give the evolution at different locations in x tafilward from

the nain X-line. The 30lid lines correspond to a distance of 12 RE
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represe iting maybe vhat ISEE 1 or 2 would observe within this system, the
dashed lines correspond to a distance of 36 Rg closer to typical IMP 6, 7, and
8 locations, and the docted and dash-dotted lines correspond to distances of 68
Ry and 84 Ry, respectively, not quite as far as the most distant observations
by ISEE 3, but qualitatively in that direction.

let us start with the solid and dashed curves. The inclination showe that
there is only a slight southward dipping of the field starting at about the
formation of the neutral line in the nearest location. At the same time the
field strength starts to increase which basizally shows that the plasma sheat
thins and a satellite enters the lobe region. The observations in the far tail
as shown by the dotted and dash-dotted curves are quite different: we c¢an see
first an enhanced northward field which can become inclined by a large angzle
followed by strongly southward field marking the arrival of the plasmoid. We
can also see a periodicity of roughly six minutes which can be related to
multiple neutral lines. At the same time the field strength within the
plasaoid 1is reduced and highly variable. This result is very similar to the
aciusl observations. lui et al. (1977) pointed out that magnetic siznaturesg
on IMP a: substorm expansion and plasma sheet thinning mostly consist ouly of a
slight southward dipping. Indeed, a satellite has to be very close to the
neutral sheet in this model to see strongly southward field. On the other
tand, the plasmoid signatures in the far tail as seen by ISEE 3 (Hones et al.,
19R3) &re renarkably si~:lar to those in the conmpuier model: the strong
northward inclination followed by strong southward inclination, Even the
periodici;y 0of 5 to 10 minutes and multiple neutral line passages are a conmon

feature.
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Figure 9 shows a similar evolution at the same locations in x but at some
higher distance above the n.utral rheet, z = 2.4 Rp, and away from the center
plane at y = 2 Rp, again for case C. ~For these locations we also show the
azimuthal direction of the field, with = 0 corresponding to earthuard-field
and = 1809 corresponding to tailward field. MNote that there are two apparent
neutral sheet crossings at the most tailward location. Since the location of
the "observations” and t.e position of the neutral sheet at z=0 are fixed 1in
the model, t''s apparent crossing is cezused by the dents in the field
structures mentioned earlier. Otherwvise the signatures are similar to those of
Figure 8. Only the field does not get as strongly northward and southward.

The speed of the plasmoid can be obtained from Figures 10 and 11 for the
cases C and D, respectively, by the time dependency o the location of neutral
points on the x-axis. The speed in case C is about 600 km/sec for a typical
Alfve n speed of 1000 km/sec close to the speed of 700 km/sec concluded by
Yones et al. (1983) whereas it is somewhat lower in case). The speed in tie
model saems Lo depend on different factors which are not fully understood vyet.
Enhancing the l.be density and reducing the resistivity apparently leads to
szaller plasmoid speed.

Let us sunmmarize the results of this part:

1) We find a cross-tail extent of the reconnection region of about 8 to 15

Rg for the noct realistic configurations, strongly dependent vn the
equilibrium configuration.
2) The field signatures in the near and in the distant tail are very

similar in many structural details Lo those actually observed.
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4. Energy flux and current patterns -

An interesting question is that of the way the energy flows and about its
conversion. Table 2 shows some typical contributions to energy inflow and
outflow around the separator for case C. There are - three contributions
considered here, the foynting flux §r.l_ E x B, the kinetic energy flux %. V%Xs
and the enthalpy flux (u+p).3 - %-n:T_!, which represents the convecfion of
internal, or thermal eaergy u including deformation effects. The heat flux
cannot be calculated directly in the present model because of the isothermal
assumption. Typical values for each contribution are shown in Table 2 for the
three spatial directions. The inflow from the z direction consists mainly of
Poynting flux as is expected and the outflow in the x direction, which is much
more intense is mainly convection of thermal and kinetic energy. So far, we
have the typical conversion picture we are used to from two-dimensional theory.
By looking at the inflow from the y direction we see that there is a
significant enthalpy flux, which is more intense than the inflow £ronm the z
direction, although of course less intense than the outflow.

Another intercsting feature is demonstrated by Figure 12 which shows
velocity vectors in the x,z plane for case B. The center part of the figure,
vhich 1is unfortunately not well to be seen because of too much overlap of the
velocity arrows, represents the normal flow pattern away from the X-line or
separator, marked by the circle. At the boundary of this region tailward from
the separator, however, strong earthward flow occurs. This represents another
inflowing energy flux mainly along the magnetic field from the teil.

The -next figures shall demonstrate the typical current pattarn connected
with the plasmoid and the reconnection region around the separator. TYigure 13
shcws projections of the electric current density vectors in cross-seciions of

the tail at different values of x shown at the right hand side for case D.



-12-

Only the inner part with the plasma sheet is shdwn.in each case. The look
direction is tailv c¢d. The top panel is earthward from the separator, the
second one close to the separator, and the two bottom ones are tailward from
the separator. One can see a strong current concentration at the separator and
even at some distance tailward. Eérthward from the separator and even nmore
pronounced in the distant tail the current 1is deviated around the center
region. In the distant tail the current inside the plasmoid even changes
direction causing the earlier mentioned magnetic field '"dents". The same
signatures can be found in the simulation with reconnection across the whole
tail, case B (Fig. 14).

Another rapresentation of these current signatures is given in Figure 15
which shows contour lines of constant cross-tail current density jy for casa B.
The hatched regions correspond to currents flowing in the negative y direction
opposite to the original current. The original cross-tail current forms two
iayers related to Petschek’s (1964) slow shocks. These current layers Qre
indeed inside the separatrix as can be seen by comparison with Figure 16 which
shows magneticlfield lines with the separatrix as dashed lines and the  current
density maxima for coustant x connected by dotted lines. The current layers
coincide with the flow vorticity layers where the plasma flow direction changes
from tajlward to earthward, shown in Figure 12.

Typlcal ~urreat deviations in the equatorial i,y plane and several other
pacallel planes afe demonstrated by Figure 17 for case C. These deviations
produce earthward currents on the dawn side and tailward cur?ents on the dusk
gide earthward frow the neutral line (dashed line). The same current deviation
i also found in the case with reconnection across the whole tail (Figure 18).
This current deviation does not directly lead to field-aligned currents in the

same direction, because there is a rotation of the magnetic field direction in
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the same direction as the current deviation (Figure 19). A field-aligned
current system that is actually found in case B is shown in Figure 20 by
contour lines of constant parallel current density in a c¢ross-section of the
ta’'l at x=-8 earthward from the separator. Earthward currents are indicated by
~siugle hatching tailwérd currents by cfoss-hatching. Tie main field-aligned
current system in this cross-section has the signaturgs of so-called région 2
currents (I1jima and Potemra, 1976) as found near the earth, earthward on the
duskside and tailward on the dawnsidé. They are surrounded by some oppositely |
directed currents corresponding to the region 1 currents observed close to the
earth, These currents, however, are smaller in magnitude and are not found in
all our simulations.

Figure 21, taken from Hones et al. (1982), demonstrates how the main
field-alipned current system 1is produced in our model. The figure shows
magnetic field lines on the duskside of the tail above the neutral sheet as
seen from the tail in the direction of the earth. Thin lines show the
projections of the field lines into the equatorial plane z=0., We see that at
the X-line the lowest field line closest to the neutral sheet ig convected the
most. toward the midnight meridian plane y=0), whereas higher field 1lines are
less affected by this convectlon. The inward convection along the X-line from
the flanks of the tail therefore produces a shear of the magnetic field and {t
is this shear that 1is responsible for the field-aligned currents witn the
"reéion 2" signatures.

5. Conclusions

We have demonstrated the usefulness of MHD simulations i-1 a realistic
three~dimensional magnetotail geometry, Fnergization of the pl:.ia due to
conversion of magnetic into kinetic energy 1is found without any external

driving force. The computer simulations have produced many additional features
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which can be found in satellite observations in the magﬁetotail, most recently
by wusing the ISEE 3 satellite at distances up to 220 Re. Anong those features
are the spgtial limitation of reconnection in the «c¢ross-tail y direction, a
finite scale of the plasmoid structure in the x direction along thé tail
usually connected with the. appearaﬁce of mwmultiple neutrsl lines, and
filamentary structures of the cross-tail current in the z direction caused by
characteristic current deviations through the edges. of the plasmoid. A
characteristic difference of magnetotail field signatures in the distant tail
with those in the nearer tail as found in the model showed a remarkedble
resenblance of actual observations.

The current system of the plasmoid and at the reconnection site were
discussed " and it was demonstrated that velocity shear arising in the
three-dimensional reconnection model produced field-aligned currents with the
signatures of the observed 'region 2" currents, The full observed
field-aligned current system, however, was not obtained, most likely_becaﬁsé
the boundary conditions of the model did not include a realistic interaction of

the magnetotail with the solar wind ana with the fonosphere.

Acknowledgment. This work was performed under the auspices of the U.S. bepartment

of Energy.
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Table 1. Parameters of the different computer runs

Plasma sheet lobe Magnetic
broadening density Reynolds number
Run : ' nyg, S
A 2 0.25 200
B 1 0.1 200
C 2 0.05 200
n 2 0.25 1000
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Table 2. Energy inflow and outflow around the separator
(X-line) for case C.

Inflow _ ‘ Outflow in x
from 2z from vy earthward tailward
(erg/cm? sec) . (erg/cm? sec)
" Poynting .021 .018 .003 .001
flux

Bulk kinetic 002 .008 147 +431

energy flux

Enthalpy 0006 0090 0451 0480 .

flux
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Fig. 1 Schematic representation of a quarter tail section used as initial
configuration. Solid lines with arrows represent magnetic field 1lines in
the midnight meridian plane z=0 and on some surface close to the
magnetopause. The hatched region indicates the plasma sheet.

Fig. 2 Magnetic field lines in the x,z plane for run A'(see text)., After Birm
and Hones (1981).

Fig. 3 Flow vectors and magnetic neutral lines (dotted lines) in the x,y plane
for run A, After Birn and Hones (1981).

Fig. 4 TFlow vectors and magnetic neutral lines (dotted lines) in the x,y plane
for run B,

Fig. 5 Magnetic field lines in the x,z plane for run B,
Fig. 6 Magnetic field lines in the %,z plane for run C.
Fig. 7 Magnetic field lines in the x,z nlane for run D,

Fig. 8 Evolution of the magnetic field strength (bottom part) and latitude for
run C at different locations indicated in the figure.

Fig. 9 Evolution of the magnetic field latitude , longitude , and magnitude
B for run C at different locations indicated in the figure.

Fig. 10 Ilocation of neutral points on the x axis as a function of time for
case C. Solid lines depict X point locations and dashed lines depict 0
point locations (normalized units).

Fig. 11 Location of neutral points on the x axis as a function of time for
case D similar te¢ Figure 10.

Fig. 12 Velocity vectors in the x,z plane at t = 200 ‘normalized units) for
case B.

Fig. 13 Projections of electric current density vectors for case D in
different cross-sections of the tail as indicated by the 1locations in x
tailward from the near-earth boundary (normalized units).

Fie, 14 Projections of electric current density vectors for case B in a
similar representation as in Figure 13,

Fig. 15 Contour lines of constant cross-tail current density .j, in the x,z
plane for case B, The hatched regions correspond to curants flowing in
the negative y direction with jy < =0.,2 (normalized units).

Fig. 16 Magnetic fieldlines in the x,z plane at t = 200 for case B. The
dashed line represents the separatrix and the dotted line represents tne
current density maxima for constant x.

Fig. 17 Projections of electric current density vectors in the x,y plane and
several cther planes as {ndicated on the right side for case C.
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Fig. 18 Projectjons of electric current density vectors for case B in the same
representation as in Figure 17. -

Fig. 19 Projections of magnetic field vectors in planes z = const as indicated
in the figure, for case B,

Fisz. 20 Contours of constant field-aligned current dersity in the eross-
section x = -8 at t = 200 (normalized units) for case B. Single hatching
indicates earthward fiow and cross-hatching indicates tailward flow.

Potd .u.f.‘l-_ui Craretnle 8 8 Lod -dJ_a-‘é.\..aJ s

Fig. 21 Three-dinensional represantation of magnetic fieldlines after Hones et

al. (1982). Projections of the magnetic fieldlines into the x,y plane are
shown by eight lines.

Ughr






_MAGNETIC FIEL™ LINES Y=0
= ——
=k — = =

t

1]
O

1 =180

t =200

220

—
1
N

= 309




0

Z

VELOCITY FIELD

L}

~.al
TS B Y Tcacad N ¥
AAAARAARARAANAANLAA
AAAAMARLIALAA AR
AAAMAAMMALARARAA AR
AAARAARMAARANAZAAAAA
AAAANRARY D Ada2 041
RSN RS 222777

1 4:.:4// \ /Hrrs )

Y s\
| ] -V(;

LAY

‘r\\\\ \a |

Jen

i . ‘u,\&:

\. vy

NNTEAM AR AT
ANMARALAARRAAARSA A
AAMARAARARAAARAANALA

AAAMMAMAALARARRR ALY

aaa Aty

R FINSAAL NN ]

RN R AN Y ¥

Jaaagan]

L1 18AIT Iy

.if¢<:::—<x\..l
MNRMARARARARAANAAAL
et *........“
..,:fzr_/J Y2220y

AN L. w44 )

AR ARA A N4 |

A,;x\ma\ ~

A r g |

rl.l))..l))' Arrrrryys §
SN | [ /2714442
RSN A NN EZZZZTY
L]
\lll.lkf . .5"’&04
B HM
31222 9 HE RS R
YYrrrnn s ARRR B
reery, AR

Bty

) //r L5
\
A\ 4y

NYyyyVvYy

AAAAL7274 L AWML RS XS YV I AP Pz AALLLY T RVTYY; Wil
- I

Y amntiiens SO TYTYTAMMARLCTYTEY  TERN IR Z0NY FRRNVC AL OO}
f'l.lll‘l v N r——— e ——— —~— . N = l]“l]jl‘lnL
o ¢ O F w o.u ¢ O ¢ O o v O ¢ @ % A_u. O <«
{ 1 I. [] 1

> >- > >

@) O O O

T (00 @) N

— —_— o (Q\)

" u n u

L o ol L ot -~

| @74
Yrrjs
-::YM

n-q:ﬁ\h-_

-4:4\;.

...4;~\N_

M\

AN
NLLT
_L::.

” STy

...Jli-.-4-4

.)fv‘dn-q

Ay aaa'3Y)

T I\W\\ww:,a(rr’\-

<

@
1 1

-50 -60

=30




- e M. a8 O

0.00

120.00 2

1

10 10.00.00. 0 M FO.N. M. . B R i .. W

YELOCIYY FIELD

. 10,10 FO. 7€ P PO PO D0, M. od.B5.%8.%0.%%. 0. %0. 00 02, On. DR W8, 63, OF, On.

o 5 s : ¢
¢ - ~
¥
S ff iy ied digy .......-.......u.u.u.t..4...........u.u.u.4.k.4...c_..1....u.u...4...<.........u
AAAARIANARRAARAANAR _ LARNRRRAARRALA2aaan|[MISIIRIAMIRALLAA44
SRR T i
AT
“ . i
. 1
f., !
K
| ,, .4
NHITHN, |
l g
. W i
,
3
.;ﬁ . . 4 _ 7. ﬁf . .¥
WHIHH AL LR VD
——I:\v<<-<-¢-ﬁf\kpp —— “ —— '\- ]
a...L..::::r!: :.“::.:::“.: "y _ T
m*4._4.._......_._um_4.4_.4..........um.._.,1ﬂ.,4_..u..._.. .
A A a 4




MASMNETIC FLELDLINES  T1:2120.00 Y= 0.00

0. 2. % 0, 0.10.02.00. 10.10.00. .M. N M. 0. N . 8.8 N WP W. .00

",

%
|
s

t=120

|
Ll

s 44

|
|

[ o 4

|

@
&

1_
.‘..

.
. .

ko

EEEEE

6o

180

4



MAGNETIC FIELOLINES Y=0

o o
= /”' et
o E=——
e 3
ey

0 Ffé::> R— — T:0

=

- e,

—

I— :
S = 1 T=120

e

—

e ——

— e
— = —— ] T=l40
ey e oo

%M‘f%:;/@—\ T=160
e ———

T=180




LA

R R YT

e N I I A

R S R R

d2)ien

MACNETIC FIELDLINGS

1:530.00 v:

5.00 -

L
3
3
L
F
]
L]
K
Y
¥
|
s
L
§

[}
b
g
14
¥
Y
%
?

[
?

n JL

.-.'H;".".*.*.‘t'-.-:v.'

i

\

. =:;a-_______________-_-::;;;;;;;;;;;;;::
N

/

___-i:;g§g§gEE:::::::::==:::-—--_____¥

L L R R

——

d4 ) aens

. 6. 8 10 12 ™

.|unnl~.nnu.n»n--ed.—-o-lnuru-uuu.u,-t

seds b b )iy

RN

£=5%0

SSo

§Go

§70

S$8o



'T—-x=“2.0
_”___x.;_gz
R T PN}
i X==56

y=o

Z2=118

£
£
<
oY)
ﬂ\.\
| <
A anas . Y
Vel .IV\
«/. Y -
/
!
\ I
\ A 1
, !
0yQ __ Nowwwwoy N\ '/ 1 ]
llllllll W T T SN Sva g _
|
) :
. i
ir 2 i
I ]
i i
Iy {
¥ V |
L L | IR Y | 1 t ] L {_ 1!
o o 3 [ © oo ° o) 'S O
°S 8 g o 9_00 s .Aw_u I PN -

R/y

20 30 Lo t/rain

{o]



TnorTRe)  80°

3

(souTHu) -qo°
(TaiLw) 180°

%0
(EARTHW) O
- qo"
30
B/y
20

10,

2= .56

- x=f32 "l'M?é.-{','

‘M'x=-48 1] “
~ ISEE 3

-— X=z=-56 =

|
~ \
| WY
1] N
2|
i ='>
: jle
- l,__
o <
NP
p— m .
2‘8‘ /’\,\ -
| aN
/
—t 1 25

L




NEUTRAL POINTS ON X AXIS |

HMAG ¢

-60 }

><

-20 F

50

100 150



NEUTRAL POINTS ON X-AXIS

MAG 0O




0.00

Y=

200.00

T=

22. 29,86, 20,30, 32, M. 30, 30,4042, 44,486,409, %0, 52.34. 98,58, 60, &2, O,

VELOCITY FIELD

0.

6. 0.10.12, 14,16,

.

]

\\.::

L ERERY //.,M“\ rrrr Y
AR LY ,.,.M\\ srrr v
A R 8 8 5 W_M..\xlz ¥
AR EEY /.mw.wsi 4

rr 7

i, 46, 50,50, %2, W, 58, 80, 60, 62, O,

"o,

0. 22, . 06, 20,30,

8., 0,.10,12.14.18.18,

v,

2.

32,34, 38, 38,40, 42,



_J,.h‘

=750
- +
T -

> r 7

o=

>
v

pe e

—

. -

— o + -

10

P _
He -+ it —— BPRRR R VLT B S BEaCR L
1974 | AN 4 4 (0 VBRI L 0 s s s s
?C 40 :;_:_._.m:: PR N1 T O R PR Tr T T SR
114 _,:E.a:\_ a | n VAR 4 _> A AAMARELL S A A
P | oMY a4 a0 | T2 4 D0 n aanvias 4 4
ERNEE _,;:f: A | x 114 4 ENONMARNEMAA 4 A
? A ___, _,;f:\: A | » E faa 0 n vrrnmosd s 4
1 4 r:w;u:x \ NN INIANE N ST AXTH D R
Fgoiy AW ."w.mw\\:« B .\:\ <~y s 7 >
RN ek [fam= = |\ AERNN Y
b i ool v [T o
Iy |7z =~ =<~ I~ e = =< | ¥ W&o N
\ _\‘ ;\\\a?w \S SR ‘ L v |7 \\i......__wvrr.fl ~<
Y i%_j SNy l S VARR YT NG NN
LA g ;lm:_w.f Y "\. ::E__ AR PRy UtV SN
b _,. y 13_;__: v e *:_:__.._w:p SR PT T SN
\ r..T y *:_T:f SRR R i i R R PRI T SR
/ LI N :2_. (R IR R i L S PRI PIT T I S
/ LR :2=__..ﬁ: Ao RN LR g 4 A
WAV IR Y R L sy i g o .

- H -t I I
~ ~ 0 N 5| & & N



e
g

1 vt vt

=
S

L

ey
ES o —a-“.\—-—'-

S e Sm S e
4 - b S b- N

o

-

t =200
W' b D = S D

-~
e 2= D

-
T

S D=

e

eyt v — bt wtd
L A - -
.

[

)

e ey o

]

—
'>- = ) - ey - =

> = X\

————

> = o

ELECTRIC CURRENT ISNSITY

-

——— .,

-

—Dee T i i S =

————— ———
— e — —

.3

A ..IT— d_{:ﬂ_ _ A AT & —__—:__:g—
sSR0SI \ \ 720N /
IR e/ T S \ 2SI
& a1 Q.u—\ B Y * N PANS!1177 7 AN
A A >* _Wﬂ.ﬂ_b_ *> A * “ A NSHLRTY )
s » M A..xu NIVERNIE . | f_ZE....J:
7 A r—_.mﬂw; b4 ~ | .:G.ﬂﬂ*:A
>~ ,:..ﬂ_ Ly =4 *_ AR
v oA A :._“. ba v g |t IR TRl
AA A _ @ Laaoa |V AR AR
- __ _ * 1 * *2_:_.\.?*
A A >..;..__.§* LY W | ! N
P w_ﬁ.i WIS ER ALY
4 A A Iﬁﬁ_ﬂ_ ba g v | brgumsiy ]
<| = natfitl g > | | | } s
> ~ 1 4 u;. ._....nwg L ‘ . | A A |
fx‘l_ﬁ_.. bon s | | ,:ﬂ...._:f
LA »* ...._u._“ *p A4 * R ANNIA Y
LA —* \\.ﬂf? Ay g * /133“37\ \
LA A / it ./ﬂ by |t _/ WAL S /
AR AL g/’ SN //*/r."..f....... _\
[T} Josgaaprt
-l -
_“_ _ pu(| p
~ ) o
a o ”.w i




CURRENT DENSITY CTS., T:=200.00 Y= 0.00

0. 2. W. 6. 0.10.12.1%.16,19.20.22.24.29.20. 30. 2. . 35, 38, 40. 42, v, =8, 40.%0. 52, %, 58, 59, &0 62, B4,

R
77 /// : *

— 19.
2. %, 8. 0.10.12, 14, 16410.20.22, &.26.29. 30, 12. T, 8. 38,450, %2, v, 08, 08,50, 52,. % . %. 5. 60. &2. B4,

X



.?— R N— X T i ——

MAGNETIC FTELDLINES T=200.00 Y= 0.00
0. 2. 8. 6. 8.10.12.14%.16.10.20.22.24.28.29.30.32. %, 3. 7. 40. 42, ", %8. 48.50. 52. 9, 58, 38. §0. 62. 0.

l'ht..ht..;

-,

= 8.
——

=Sy I :‘_"' gy 10
0. 8. %, 8. 0.10.12.14.16.10.20.22.04.20. 20, 30.2. 7. )8, ) MO MR, e, w8 2050, %2, . 90, %9, 60, &2 . B,

X



. 1=200

.56

O

017

-G0

-40

-20

N
—_— i- .141\ V7YY y- yry . = v ryYrry —w
p . _ AN, NN ,
l}&h\\hhll‘fl\j.ﬂl}’\hh\ﬁ‘lﬂ{AI‘V'\—’&\JAG{?\:\BA{L;"'/ N 7 AT
. g ) , v ,
d LN A | 4 AN d A _.A.l\ AN S— WJ\-.-!’d
g e ™ AN} o g\ _Aﬁ\\.\\iv..u rr.l..: 7 #7™"A \ 1 44
iy W S ke e d b Yo - [ o .L.)\-\‘\.\ —— ljml!\\!\l‘f{mg!—l | [FNET ¥ "
I . . .
S s antemlen el & o T o g e ey mma e o A e g e N .ﬁ\vv\.‘\\i\
; i :
.gb“‘\lf'l};’nﬂki‘\\‘\\’f%..%‘\i AN A 1\\.‘“‘.\-‘%..“““‘“}.
]
\\\\\ p—_ St 6 e cas e et 4 i o > s
? | ,
s e e { IS Pt ﬁ\.\\\“\vﬁl’.’fl[’ - _ >y
_ _ ! o
—rry ’lr!"._.._ o~ frﬁ#‘\.‘\\lll‘ v ; v -
1
1
T —————— s e ek > o — 11 s S
. 1
.“!‘l'vr'{'."l-. il‘ -y WP — ; Lar et 4t e
. — 1
— . . | : . ~
Py g et e e e
! LN ;"hllpi“\? Bagus® et amai Ve e S A S LS N
P _ —- . { Lv\‘.\\.\\\\\llfl ~a——y
|
!
j— )
A ~=t
i " I

ELECTRIC CURRENT DENSITY



5
™

3

r<

0000000

Sl il il st et L Ll St P 0 S A2 T 5 S Al —
3| 3
T4 e VA e ) -y V4 RS AnanacdiSaddat o P aeRa o
] %
S :
3.1\\\ 4.4441\&\‘\\;4 h o f/:l:“.‘.lu.llrl‘\n\\‘f o 443%\\..)’4 MO - ki
H .
ﬂ...‘//.//l - ltkar‘fltﬂ:ﬂ‘uﬂl‘l&k‘i f/lﬁﬂlﬂl:lﬂ-n‘.ﬂh\\l\ln\a\\}? //./Lﬁfh‘vnlvbl, Srnkohook o .-
o ¥ ,
o . s
nw *_ [ s astyal. \\f P >4444i\"\\¥\\ﬁ:l\ \V} I&%ﬁnvvyfﬁ N }ii\\‘\‘\\ = iorld..
~ Ml:ﬂ.;A — et # N2 2V et E\..\.J Y a2 e g . .“.
R .
o . s
S n.ik\f//@i?‘!’%ﬁ \.it.\l.! ———— o\ [ e n———y
o y -
o & Z
) R | N Al . e
g 5
s B gy N ety N o——— Tz
a % £
S T I K
o ;
A ™
o e .
- 1=
o = -
C S E
J et j
w3 )
- -
; S
~ ] -
< .




200.00 1Z= .13

T=

MAGNETIC FIELD

8. 20, 22. 2. 28,

8. 8.10.12.1v.18.

..

\ ARAAAN TR 22122 y

A
VR QI Y Vv g gt ¥ 4

R\

b | [

YWY Vobq NN VY

YVYYYYYVVVYYVYVYYYYY,

Vi
T

e

-

It

VIV VY VR
0 v 1 .1

o N 5 @

,“ f ]
M.. Virasa s n o Yoy 12 aannan i M
“,r.::,_f:k.:‘:k f.,_IIﬁ:\::F%;Fv,_,zfi:f.k\:\ _”
m N e IS s A
M P VTV TTTTTL S S A API O VPTITTTITTLSY ;‘i::::::;ffw
M. AAAANAAANA A A RN T\\\::::,:5«%(\\\\1:::I,}Qm
M:::::::i:r ;\ri:t.::7\4}{\;2::::<§\4m
YUYV TV VAR TN ﬁw.::::::‘:)?L:::::::.IL
AL PALEIR LY ii::::::2<fc.zr;:4;_: .:tm

AR AL ,v_*~***4<<__¢*‘*._Ax._ ﬁﬁ*\m

!

A

L16.10, 20.22. 0. 2, 28,

th

o — O — e P .
2.0

"
:::Iz:::: :;_ I e
st L _
H e e EHHH >
AUSAASENAM TG TJ“T_%



J-PaRALLEL C(ONTOURS 1:200.00 'x: -8.000

o 9. -8. . oew, -2. 0. . 2. ., s. 9. 10.




THEORETICAL 3-D MAGNETIC CONFIGURATION
-- (T=180)

REGION OF
NEGATIVE 8,

/
N\ .
/
4




